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The gene for Clostridium septicum alpha-toxin was cloned and expressed in Escherichia coli from C. septicum
BX96. The toxin was determined to be 443 amino acids in length, with a 31-residue signal peptide that was
removed from the toxin during secretion. No extended hydrophobic regions were observed in the mature toxin
sequence. Expression of alpha-toxin in E. coli BL21 resulted in the production of ATpro, which was identical to
native toxin from C. septicum with respect to activity and activation. The proteolytic activation site for
alpha-toxin was determined to be on the carboxy-terminal side of arginine 398, which lies within the sequence
KKRRGKR-398SVD. Previous work showing similarities in activation and mechanism between alpha-toxin
and Aeromonas hydrophila aerolysin was extended to the primary structures of both toxins. The DNA-derived
primary sequence of alpha-toxin exhibited 27% identity and 72% similarity over a 387-residue region with the
primary structure of the A. hydrophila aerolysin toxin, a level of similarity heretofore unobserved between
toxins produced by a gram-positive organism and a gram-negative organism.

Clostridium septicum, the causative agent of atraumatic gas
gangrene, produces a single lethal factor, alpha-toxin. Bern-
heimer first described alpha-toxin in 1944 (3), and recently
Ballard et al. (1) have isolated and characterized alpha-toxin.
On the basis of the report of Ballard et al. (1), alpha-toxin
appeared to be the sole lethal factor produced by C. septicum
and is both lethal to mice and cytolytic. Additional studies (2)
into the activity of alpha-toxin have shown that the protein is
expressed as a protoxin that requires proteolytic processing for
activation. Proteolytic processing results in the removal of an
approximately 5-kDa peptide from the carboxy terminus of the
protein. Following cleavage of the propeptide, alpha-toxin can
oligomerize into a supramolecular complex consisting of six or
seven molecules that form ion-permeable channels across cell
membranes. The pore size has been estimated to be about 1.5
nm and can allow prelytic release of potassium ions from
erythrocytes, suggesting that alpha-toxin-treated cells are lysed
via a colloid osmotic process.
Alpha-toxin appears to be unique among clostridia since

other clostridial toxins appear to be neither mechanistically
nor antigenically similar to alpha-toxin (1). It was noted by
Ballard et al. (2) that the activation and mechanism of alpha-
toxin resembled that of the cytolytic toxin aerolysin, which is a
pore-forming toxin produced by the gram-negative waterborne
pathogen Aeromonas hydrophila (7, 11, 12). Like alpha-toxin,
aerolysin requires carboxy-terminal proteolytic cleavage, re-
sulting in the removal of an approximately 5-kDa peptide for

activation. Additionally, the pore-forming aggregates of both
toxins consist of five to seven molecules, are resistant to so-
dium dodecyl sulfate (SDS) dissociation, and form a 1- to
1.5-nm pore in target membranes. As part of this work, the
primary structure of alpha-toxin has been deduced from the
cloned gene and compared with that of aerolysin. The charac-
teristics of recombinant alpha-toxin expressed in Escherichia
coli have also been examined and are reported.
Cloning and sequencing of the alpha-toxin gene. C. septicum

BX96 (a generous gift of Alan Bernheimer) was used as the
bacterial source of the chromosomal DNA used in cloning
experiments as well as the source of purified alpha-toxin. C.
septicum BX96 was grown at 378C in brain heart infusion
media containing 0.05% cysteine in a Forma Scientific anaer-
obic hood. All E. coli strains were grown in Luria broth or on
Luria-Bertani agar at 378C with the appropriate antibiotics,
when necessary. All media were obtained from Fisher Scien-
tific, and all chemicals were obtained from Sigma unless noted
otherwise.
The DNA isolation method developed by Dyer and Iandolo

(6) was used to isolate high-molecular-weight chromosomal
DNA from C. septicum. Oligonucleotides were designed to
amplify the alpha-toxin gene on the basis of the deduced DNA
sequence from the amino acid sequences of the ATpro amino
terminus and the carboxy terminus of the carboxy-terminal
cleavage product generated by trypsin activation of ATpro (2).
The first primer based on the amino-terminal protein sequence
EEGGYANHNN was GAAGAAGGIGGITATGCIAATCA
TAATAAT (I, inosine). The second primer, TCTAAAT

ACCT
A

GGT
AACATCCTG, was based on the amino-terminal sequence

of the trypsin-derived carboxy-terminal propeptide QDVPG
FR. A 1-kb PCR product was obtained, ligated into the pCRII
cloning vector (50 ng) (Invitrogen, San Diego, Calif.) accord-
ing to the manufacturer’s instructions, and transformed into
E. coli JM109. A recombinant plasmid (pJB101) containing the
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insert was digested with EcoRI, and the insert was gel purified,
ligated into EcoRI-digested M13mp18, and transformed into
E. coli JM109. On the basis of the sequence of this clone,
primers were designed to amplify the flanking regions of the
alpha-toxin gene by inverse PCR. Recombinants from inverse
PCR (16) yielded several clones which contained the upstream
sequence but not the downstream sequence for alpha-toxin.
However, after we had completed approximately 95% of the
sequence analysis of the alpha-toxin gene (lacking the se-
quence of the extreme 39 end of the gene), the sequence for
alpha-toxin was reported by Imagawa et al. (13). On the basis
of our sequence data and the sequence of Imagawa et al. (13),
two primers (GAAAAAGTATCAGTATTTGAAAAG and
ATATAAAAATATCTAGTGTAACGAC) which correspond

to residues 247 to 270 and 2020 to 2043, respectively, of the
sequence of Imagawa et al. were synthesized. Two indepen-
dently isolated PCR clones of the alpha-toxin gene were se-
quenced by automated DNA sequencing (Applied Biosystems,
Foster City, Calif.) with fluorescent primers that flanked the
polylinker cloning site of pUC18. The alpha-toxin gene was
PCR amplified from each clone with primers that flanked the
polylinker site of pUC18, PCR products were nebulized (4) to
fragment the gene, and fragments were then subcloned into
the SmaI site of pUC19. Overlapping clones were sequenced,
and a 12-fold redundancy was achieved for the entire se-
quence. No errors due to Taq polymerase were detected.
Primary structure of alpha-toxin. The gene sequence for

alpha-toxin is shown in Fig. 1. Three nucleotide differences

FIG. 1. DNA sequence of the alpha-toxin gene and the primary structure of alpha-toxin. The DNA sequence of the alpha-toxin gene is illustrated along with the
DNA-derived primary structure of pre-ATpro. The 31-residue signal peptide is underlined with a single line. The preprotoxin and protoxin start sites as well as the
trypsin activation site at Ser-368 are shown; the propeptide is indicated by double underlining. Three nucleotide differences between this sequence and that of Imagawa
et al. (13) are boxed; the two nucleotide changes in the coding region of the alpha-toxin protein do not result in amino acid changes. The dashed arrows represent a
putative rho-independent transcription terminator. RBS, ribosome binding site.
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were observed between our sequence and that of Imagawa et
al. (13), none of which resulted in a change in amino acid
sequence. As expected, the gene exhibited low GC content
(29.3%), which was typical for a clostridial gene. A rho-inde-
pendent transcription termination terminator was observed 74
bases downstream of the stop codon for alpha-toxin. This re-
peat and two additional downstream inverted repeats were
observed by Imagawa et al. (13).
It was determined that pre-ATpro was 443 amino acids in

length (Mr, 49,755), as was reported by Imagawa et al. (13), but
on the basis of the amino acid sequence of the first 25 residues
of the purified protoxin from C. septicum (2), the removal of
the signal peptide appeared to occur at the junction of the
Ala-32 and Leu-33 (Ala at position 21 and Leu at position 11
on the sequence in Fig. 1) residues, not between Ala-21 and
Ala-22 (Ala at positions 210 and 211 in Fig. 1) as suggested
by Imagawa et al. (13), on the basis of the rules of von Heijne
(21) and the format of Watson (22). Also, if alpha-toxin was
processed at Ala-21, the cleavage would occur near the middle
of the hydrophobic core of the signal peptide, an unlikely event
since no other signal peptide (that we know of) is cleaved
within its hydrophobic core. This observation and our previous
results which identified the amino terminus of the secreted
form of alpha-toxin indicate that alpha-toxin contains a 31-
residue signal peptide. The molecular mass of the secreted
form (ATpro) was therefore 46,450 Da. In addition, we have
shown that ATpro is activated by trypsin cleavage on the amino-
terminal side of the sequence SerValAsp (2), and on the basis
of the primary structure, this cleavage must occur between
Arg-367 and Ser-368 of ATpro.
With the exception of the signal sequence, no extended

region of hydrophobicity within the toxin sequence existed.
This pattern is similar to that of other aggregating pore-form-
ing toxins (e.g., aerolysin, Staphylococcus aureus alpha-toxin,
and C. perfringens theta-toxin) (8, 9, 14, 15, 18). On the basis of
the structure of aerolysin, it appears that hydrophobic surfaces
may be generated by beta sheet structures (17) much like those
which are observed for porin proteins from the outer mem-
branes of gram-negative bacteria (5). These beta sheets would
have an alternating pattern of hydrophobic residues pointed
out and hydrophilic residues pointed in and therefore would
not appear as a contiguous region of hydrophobic residues
upon inspection of the amino acid sequence.
Expression of the alpha-toxin gene in E. coli. Although the

expression of alpha-toxin in E. coli appeared to proceed from
its own promoter, its expression was comparatively weak (data
not shown). Thus, the coding region of the alpha-toxin gene
was fused to the beginning of the lac alpha peptide of pUC18
in order to place the expression of alpha-toxin under the con-
trol of the lac promoter. Two primers GAATTCAAAAAAAA
TCTTTTGCTAAAAAAGTA and GGATCCTATAAAATA
TCTAGTGTAACGACTA) were designed to juxtapose an
EcoRI site next to the start codon of the alpha-toxin gene and
a BamHI site downstream of the inverted repeat which oc-
curred downstream of the stop codon for alpha-toxin, respec-
tively. This construct fused Ser-2 of alpha-toxin to Asn-6 of the
lac alpha peptide in pUC18. The resultant plasmid, pRT1000,
was transformed into E. coli BL21 [F2ompT hsdSB (rB

2 mB
2

dcm gal (DE3)], which is deficient in the LonA and OmpT
proteases. Approximately 0.5 to 1 mg of pure alpha-toxin could
be isolated from a 1-liter culture of this clone. The expression
of alpha-toxin in BL21 resulted in the production of mostly
ATpro, as determined by immunoblot (Fig. 2). There are sev-
eral bands recognized by anti-alpha-toxin which appear to be
only in an E. coli strain containing pRT1000; however, the
major product appeared to be identical in size to wild-type

ATpro. The origin of the band just above the ATpro band in Fig.
2 was not clear; however, it is possible that the larger band may
result from read-through of the stop codon for alpha-toxin.
This band does not purify with ATpro or appear to be active.
No band comigrates with the trypsin-activated form of the
toxin (ATact), suggesting that little or no proteolytic processing
of ATpro occurs in the periplasm of E. coli BL21. The origin of
the lower-molecular-weight bands may be due to degradation
of the toxin via one or more proteases that do not recognize
the RK-rich activation site but may cleave the toxin at other
sites. In the lanes containing wild-type and recombinant toxins
(lanes 1 and 2 of Fig. 2, respectively), the presence of aggre-
gated toxin is also evident. The aggregation of alpha-toxin in
solution was originally observed by Ballard et al. (1) and later
shown to be aggregated ATact. The fact that recombinant toxin
also aggregates in solution indicates that the recombinant-
derived toxin is structurally similar to wild-type toxin.
Purification of recombinant ATpro from E. coli BL21(DE3)

(pRT1000) was achieved by methods similar to those used for
wild-type toxin from C. septicum (1) except that E. coli cells
were initially lysed with a French press to release ATpro. We
presumed that the alpha-toxin was secreted by E. coli BL21
(DE3) into the periplasm since the signal peptide was removed
from purified toxin (see below). However, E. coli BL21(DE3)
is not amenable to osmotic shock because of lonA and ompT
mutations which apparently affect cell wall maturation; there-
fore, a clear identification of a periplasmic location for ATpro

by cell fractionation methods could not be made. It was deter-
mined that the amino-terminal sequence of recombinant al-
pha-toxin expressed in E. coli BL21 was TyrAlaLeuThrAsn-
LeuGlu; thus, E. coli removed the signal peptide by cleavage
between Ala-29 and Tyr-30, instead of between Ala-31 and
Leu-32 as is found for C. septicum.. The two-residue difference
in signal peptide processing site did not appear to alter the
hemolytic activity of the recombinant-derived ATact; however,
it increases the mass of the recombinant-derived alpha-toxin by
234 Da. Purified recombinant-derived ATpro was similar in size
to wild-type ATpro as determined by SDS-polyacrylamide gel
electrophoresis (PAGE), (Fig. 3, lanes 2 and 5, respectively).
Treatment of the recombinant-derived ATpro with trypsin re-
sulted in the production of a fragment similar in size to ATact

isolated from C. septicum (Fig. 3, lanes 3 and 4, respectively).

FIG. 2. Immunoblot analysis of recombinant alpha-toxin from E. coli. The
presence of recombinant alpha-toxin from E. coli was determined by separating
crude proteins from E. coli BL21(DE3)(pRT1000) by SDS-PAGE and then
transferring them to nitrocellulose for detection by specific antibody against
alpha-toxin. Proteins recognized by the alpha-toxin antibody were from the
following sources: lane 1, partially nicked, purified alpha-toxin from C. septicum
BX96 (proteolytic nicking is caused by an endogenous protease(s) from C.
septicum); lane 2, lysate proteins from E. coli BL21(DE3)(pRT1000); lane 3,
lysate proteins from E. coli BL21(DE3)(pUC18); and lane 4, molecular weight
markers. The positions of ATpro, ATact, and aggregated forms of alpha-toxin are
shown on the left.
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The hemolytic activity of the recombinant-derived ATact was
nearly identical to that of ATact generated by trypsin cleavage
of ATpro from C. septicum (approximately 1 3 106 to 10 3 106

hemolytic units/mg).
Similarity of alpha-toxin to aerolysin. The primary structure

of alpha-toxin confirmed our original suggestion (2) that the
similarities in the activation and cytolytic mechanisms of alpha-
toxin and aerolysin might be reflected in similarities in the
primary structures of these two toxins. Imagawa et al. (13)
reported that they did not find sequence similarity with any
other protein; however, we found that the primary structure of
the A. hydrophila proaerolysin toxin exhibited more than 27%
identity with C. septicum ATpro over a contiguous region of 387
amino acids (Fig. 4). In addition, if conservative substitutions
are considered, these toxins exhibit approximately 72% simi-
larity.
The similarity between alpha-toxin and aerolysin is the first

example (that we know of) of this level of sequence similarity
between the primary structures of toxins produced by a gram-
positive bacterial species and a gram-negative bacterial spe-
cies. The fact that the G1C content of the alpha-toxin gene is
almost exactly one-half (29.3%) of that of the aerolysin gene
(58.6%) suggests that these two genes have had sufficient time
for considerable divergence of the gene sequence. The ex-
tended sequence similarity in the primary structures of these
two toxins indicates that divergent evolution is responsible for
the observed similarity. The similarity between ATpro and
aerolysin starts at residue 25 of ATpro and residue 97 of aero-
lysin and continues almost to the carboxy terminus of each
molecule. On the basis of the crystal structure of aerolysin (17),
the similarity extends throughout domains 2 to 4 of the aero-
lysin crystal structure. A notable difference in the primary
structures of these two toxins is that ATpro lacks sequence
similarity with the first 96 residues of proaerolysin. Overall,
aerolysin has 72 more residues at its amino terminus than does
ATpro and these residues largely constitute domain 1 of aero-
lysin. The apparent absence of a homolog in ATpro for domain
1 of aerolysin suggests that it encodes a special function for
aerolysin.
Similarities also existed for conspicuous features of each

toxin; for instance, the tryptophan-rich sequence of Trp-
307AspTrpLysTrp in alpha-toxin corresponds in position to
the tryptophan-rich sequence of Trp-371AspTrpAsnTrp in
aerolysin. Van der Goot et al. (20) have shown that Trp-371
and Trp-373 have been implicated in the oligomerization pro-
cess of aerolysin. The proteolytic activation sites for alpha-

toxin and aerolysin also exhibited sequence and positional sim-
ilarities. As mentioned above, the cleavage of ATpro occurred
between residues Arg-367 and Ser-368; however, Arg-367 is
juxtaposed to an upstream region that is RK rich (Fig. 1). The
abundance of arginine and lysine residues makes this site par-
ticularly susceptible to proteases that recognize basic amino
acids and so it is possible that ATpro may be preferentially
cleaved at one of these other Arg or Lys residues, depending
on the protease specificity. The Arg-368SerValAsp sequence
in aerolysin is also conserved and juxtaposed to a lysine and
arginine-rich sequence. Aerolysin is activated by trypsin cleav-
age at Lys-427 and by chymotrypsin cleavage at Arg-429 (19),
both of which are juxtaposed to the Arg-432SerValAsp se-
quence of aerolysin. The cleavage of alpha-toxin on the car-
boxy side of Arg-367 by trypsin activates alpha-toxin and gen-
erates a carboxy-terminal peptide of 45 amino acids with a
molecular weight of 5,140. It is not yet known if the 5,140-Da
peptide remains associated with the large, cytolytically active
fragment of the toxin (ATact) or is released upon cleavage. We
had originally suggested that this propeptide functions as an
intramolecular chaperone sequence (2); however, we cannot
rule out the possibility that the propeptide participates in the
cytolytic process or has some other function in vivo after its
release from ATpro. The site of this cleavage, RGKR-3672

FIG. 3. Purification and trypsin activation of recombinant alpha-toxin. Al-
pha-toxin from E. coli BL21(DE3) was purified and treated with trypsin. Shown
is the SDS-PAGE analysis of ATpro and ATact purified from C. septicum and E.
coli. Lane 1, molecular weight markers; lane 2, ATpro from E. coli; lane 3,
trypsin-treated ATpro from E. coli; lane 4, trypsin-treated alpha-toxin from C.
septicum; lane 5, alpha-toxin from C. septicum (ATpro from C. septicum is par-
tially cleaved by endogenous protease).

FIG. 4. Similarity between alpha-toxin and aerolysin. The primary structures
of ATpro and aerolysin were aligned by using Clustal V (10). The amino acid
sequences of only the secreted forms of each protoxin were aligned. Single dots
indicate conservative substitutions, and double dots signify conserved residues.
ATpro exhibits 27% identity and 72% similarity with aerolysin over 387 residues.
The tryptophan-rich region and protoxin cleavage are enclosed by boxes.
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SVD, precisely fits a furin consensus recognition site of
RXKR. Whether furin plays a role in the activation of alpha-
toxin remains to be determined, although it seems likely that
many different proteases which recognize Arg or Lys could
potentially activate the toxin in vivo as they do in vitro (2). The
analogous cleavage site in aerolysin is presumed to be in a
solvent-exposed flexible loop at the tip of domain 4 of the
aerolysin molecule; the position of these residues could not be
accurately resolved in the aerolysin crystal, suggesting that this
region is highly flexible (17).
The study of alpha-toxin, though in its infancy, has proven to

be interesting from both mechanistic and evolutionary aspects.
Currently, work is proceeding to crystallize this toxin to deter-
mine if the tertiary structure of ATpro resembles that of
proaerolysin. Also, questions remain concerning the transition
of alpha-toxin from the aqueous milieu to the cell membrane;
the nature of the molecular events which lead up to the inser-
tion of these hydrophilic molecules into membranes remains
unknown.
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